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a b s t r a c t
The red swamp crayﬁsh, Procambarus clarkii, and the eastern mosquitoﬁsh, Gambusia holbrooki have
been introduced worldwide, but the interactions between these invasive species are not well known.
The effects of crayﬁsh presence, crayﬁsh size and water depth on the consumption of G. holbrooki by P.
clarkiiwereanalyzed, aswere theeffects ofmosquitoﬁshpresenceandwaterdepthon the consumptionof
recently hatched crayﬁsh (RHC) bymosquitoﬁsh. To better understand this subjectwe conducted aquaria
andopenairmesocosmexperiments simulating a riceﬁeld section. Aquariumexperiments showed thatP.
clarkii consumes G. holbrooki and that G. holbrooki consumes RHC. Adult crayﬁsh size did not signiﬁcantly
affect the consumption of mosquitoﬁsh and water depth had no effect on the consumption of G. holbrooki
by P. clarkii and vice versa. In the outdoor mesocosm experiments P. clarkii caused no statistically signiﬁ-
cant effect on G. holbrooki numbers or biomass when compared with controls without crayﬁsh. In spite of
this, the analysis of crayﬁsh stomach contents clearly demonstrated that several G. holbrooki individuals
were consumed, indicating that crayﬁsh can proﬁt from the presence of G. holbrooki. Results from our
study suggest that in shallow pools there are strong interactions between the two invasive species since
adult crayﬁsh predatemosquitoﬁsh andmosquitoﬁsh predate recently hatched crayﬁsh. Therefore, there
are bidirectional trophic interactions between these invasive species which change depending on their
relative size. We believe that these interactions should become more relevant in conﬁned areas such as
small shallow pools formed during the late summer and autumn.ntroduction
Over the past decades biological invasions have been the subject
f much debate focusing on the prediction of the consequences of
ntroduced species. Several studies on invasive species in natural
nd humanized ecosystems have been carried out as an attempt
o manage their impacts (see Parker et al. 1999; Sakai et al. 2001;
imon and Townsend 2003, for reviews). New perspectives of the
nteracting effects of invaders have been produced and one exam-
le of this is the thoroughly debated invasionmeltdownhypothesis
Simberloff and Von Holle 1999). Nevertheless, ﬁeld or labora-
ory research on the subject of interactions among invaders is still
imited. In fact, according to Marco et al. (2002) this would be
mportant to provide new insights on the processes and mecha-
isms of invasion and its effects on invaded aquatic biocenoses.
∗ Corresponding author. Tel.: +351 266745385; fax: +351 266745385.
E-mail address: anast@uevora.pt (P.M. Anastácio).
075-9511/$ – see front matter © 2010 Elsevier GmbH. All rights reserved.
oi:10.1016/j.limno.2010.12.002© 2010 Elsevier GmbH. All rights reserved.
The red swamp crayﬁsh, Procambarus clarkii, (Girard, 1852)
and the eastern mosquitoﬁsh, Gambusia holbrooki (Girard, 1859),
are two very successful invasive species that have been widely
introduced in temperate and tropical regionsworldwide. Their nat-
ural range overlaps in the USA, in southern Mississippi, southern
Alabama and Florida (Huner 1990; Wooten and Lydeard 1990),
and these species coexisted also for several years in the areas they
invaded (Leite et al. 2005).
P. clarkii is native to NE Mexico and SE USA (Huner 1990) and its
introduction to Portugal occurred in the late 1970s as a result of the
expansion of Spanish populations (Ramos and Pereira 1981). Por-
tuguesepopulationsofP. clarkii increasedwithout control, invading
wetlands and most rice ﬁelds (Correia 1995a), being soon consid-
ered a pest as a result of the damage caused on irrigation systems
and levees of rice ﬁelds by their burrowing activities (Correia 1993;
Correia and Ferreira 1995; Anastácio et al. 2000). The red swamp
crayﬁsh can also alter the environment through its burrowing
and scavenger activity, leading to an increase in water turbidity
(Anastácio and Marques 1997; Rodríguez et al. 2003; Anastácio
et al. 2005) which may contribute to the eutrophication of aquatic
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cosystems (Geiger et al. 2005). The red swamp crayﬁsh has a com-
lex trophic role, inﬂuencing the structure of aquatic biocenoses
y consuming resources from different trophic levels (e.g. Correia
002, 2003; Correia et al. 2005). Species with wide interspeciﬁc
nteractions, can have a greater impact on invaded ecosystems
Rehage et al. 2005) and in fact a decrease of biodiversity has been
ssociated with the presence of P. clarkii (Rodríguez et al. 2005;
orreia and Anastácio 2008).
G. holbrooki is native to the East Coast of the USA but has been
idely introduced in temperate and tropical regions worldwide
hrough mosquito control programs (Almac¸a 1995; Cabral and
arques 1999; Elvira 2001; Hoddle 2004). This species was intro-
uced to the Iberian Peninsula in 1921 and has invaded the lowest
tream sections, wetlands and costal lagoons (Cabral and Marques
999). As the red swamp crayﬁsh, the eastern mosquitoﬁsh has
egative effects on aquatic biocenoses. For instance, this species
s known to consume zooplanktonic insect larvae and other inver-
ebrates as well as amphibian eggs and to affect rare endangered
nd economically important ﬁsh species (Cabral et al. 2002; Blanco
t al. 2004).
Rice ﬁelds are important semi-natural wetlands because they
rovide habitat for a great variety of species (Bambaradeniya
t al. 2004). In Portugal, rice ﬁelds present high abundances of
. clarkii (Correia and Bandeira 2004) and G. holbrooki (Marques
nd Vicente 1999), providing excellent environmental models to
nalyze interspeciﬁc interactions between these species and the
nvasion processes. Generally, rice ﬁelds are drained in autumn
nd small pools form both in the ﬁelds and in its drained chan-
els. These pools are maintained by rain water through autumn
nd winter, before rice ﬁelds are irrigated again in the spring
Correia and Bandeira 2004). The ﬂuctuations in water level within
hese ecosystems, with alternating dry and wet periods, may in
act cause temporal changes in interspeciﬁc trophic interactions
Correia 2003). The main objective of this study was to test if the
wo invasive species, P. clarkii and G. holbrooki, establish bidirec-
ional trophic interactions under speciﬁc conditions that occur in
emporary habitats such as rice ﬁelds. Therefore we determined
nd quantiﬁed the direct consumption of: (1) G. holbrooki by P.
larkii through laboratory and mesocosm experiments simulating
ice ﬁeld pools in autumn/winter; (2) recently hatched P. clarkii
y G. holbrooki through laboratory experiments mimicking pools
ormed in rice ﬁeld pads during autumn/winter. We expect the
nformation on how these two invasive species interact will help
s to get a better insight into the global functioning of invaded
emporary aquatic ecosystems.
ethods
apture and maintenance of specimens
During September 2002, specimens of G. holbrooki and P.
larkii of both sexes were collected with a 3mm mesh dip net
frame: 65 cm×40 cm), in a 4ha rice ﬁeld located 6km SE of Sal-
aterradeMagos, lowerRiver Tejobasin, Portugal (38◦30′–39◦20′N,
◦10′–9◦10′W). Total length (TL) ofG. holbrooki and carapace length
CL) of P. clarkii were measured to the nearest millimeter and the
ost common size classes of both specieswere selected for the lab-
ratory and mesocosm experiments. Adult and juvenile crayﬁsh
ere separately acclimated for 15 days in large aerated contain-
rs (60 cm×40 cm×40 cm), under a 14:10h light–dark period
Schneider et al. 1999). Mosquitoﬁsh and recently hatched crayﬁsh
RHC) were separately acclimated during 4 days in aerated glass
quaria (60 cm×30 cm×30 cm) under a 14:10h light–dark period.
n all the laboratory procedures dechlorinated tap water was used
nd changed every other day during the acclimation periods. Alsoica 41 (2011) 228–234 229
during this period, individualswere fedTetraMinTropical Fish Food
daily or carrot slices in the case of adult crayﬁsh. Each individual
was used only once and no egg or juvenile-carrying females were
used in the experiments.
Laboratory experiments on consumption of G. holbrooki by P.
clarkii
Thedirect consumptionofG. holbrookibyP. clarkiiwasevaluated
through laboratory experiments simulating rice ﬁeld conditions in
autumn/winter. A set of 64 aquaria (60 cm×30 cm×30 cm) were
prepared with 1 cm deep sand and 12 rice stems were stuck into
the substrate at a density similar to that observed in the rice ﬁelds.
One day prior to the experiments, water was added to the desired
depth. Crayﬁsh were starved for 24h prior to the trial which lasted
24h at a room temperature of 16 ◦C.
The experimental design involved three variables, also referred
as factors in this study: (I) crayﬁsh presence or absence (treat-
ments and controls), (II) crayﬁsh size class (two categories), (III)
water depth (3 and 7 cm). Eight replicates of each factor com-
bination were randomly assigned to the 64 aquaria. For each
combination involving crayﬁsh presence, there was a correspond-
ing control with similar conditions but without crayﬁsh, which
was used to check for mosquitoﬁsh survival under experimen-
tal conditions. The smallest crayﬁsh size class was named SC1
(CL = [33–38.99]mm,CL = 35.70mm,SD=1.47)and the largestwas
named SC2 (CL = [39–44.99]mm, CL = 43.5mm, SD=1.29). One P.
clarkii and 4–10 G. holbrooki (TL = [20–47]mm, TL = 29.90mm,
SD=5.69)were placed simultaneously in each aquarium. The quan-
tity of G. holbrooki added corresponded to 10% of each crayﬁsh
weight, which is above the value considered non limiting for food
ingestion by crayﬁsh in this type of experiment (Ilhéu andBernardo
1993). From variable I (presence or absence of crayﬁsh) resulted
that 32 aquariums were used as controls without crayﬁsh, but
at two different depths. In these aquariums the weight of G. hol-
brooki added was the same as in the corresponding treatment
with crayﬁsh. At the end of the 24h experiment the remaining
mosquitoﬁsh were counted and weighed and, since the numbers
of mosquitoﬁsh added ranged from 4 to 10 per crayﬁsh, the per-
centage of mosquitoﬁsh consumed was quantiﬁed.
The results of this experimentwere analyzedusing twodifferent
statistical tests since it was impossible to correct heteroscedascity
for a part of the data. Controlswithout crayﬁshhadnomosquitoﬁsh
consumption and therefore we used a two-way ANOVA (Sokal and
Rohlf 1995) exclusively in the treatments with crayﬁsh. The vari-
ables analyzed were predator size and water depth, taken as ﬁxed
factors in a balanced, orthogonal ANOVA design. The percentage
of weight (%W) and number (%N) of G. holbrooki consumed by P.
clarkii were ln(x+1) transformed in order to meet ANOVA assump-
tions (Sokal and Rohlf 1995). Although it was obvious, from the
total absence of mosquitoﬁsh deaths, that no consumption was
occurring in the control aquaria, a Mann–Whitney test compared
the percentage of mosquitoﬁsh consumed in the treatments with
crayﬁsh and the controls without crayﬁsh.
Laboratory experiments on consumption of P. clarkii by G.
holbrooki
We tested consumption of P. clarkii by G. holbrooki in the labora-
tory but it was not possible to evaluate the consumption of P. clarkii
RHC by G. holbrooki in outdoor mesocosms because of the unfeasi-
bility of recovering all the survivingRHC. The experimental setup to
determine the consumption of recently hatched crayﬁsh (RHC) by
mosquitoﬁsh was the same as the previous one. Nevertheless, the
number of aquaria was reduced to 32 because only two variables
were considered in the experimental design. We tested both the
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1ig. 1. G. holbrooki biomass and percentage of numbers consumed by two size class
eld pads in autumn, at two different water depths (3 and 7 cm). Mean values± S.E
ffects of mosquitoﬁsh presence or absence (treatments and con-
rols) and the effects of water depth (3 and 7 cm). Mosquitoﬁsh of
he most common size classes found in the ﬁeld (TL = [30–37]mm,
L = 32.6mm, SD=2.13) were starved 24h prior to the experi-
ents. Ten RHC (CL= [3.84–6.72]mm, CL = 5.03mm, SD=0.596)
ereweighedand thenplaced ineachof the32aquaria. In the treat-
ent aquaria one mosquitoﬁsh was added immediately after the
HC. Total crayﬁsh (RHC)weight in each aquariumcomprisedmore
han 10%of eachmosquitoﬁshweight. From theﬁrst variable (pres-
nceor absenceofmosquitoﬁsh) resulted that16aquariawereused
s controlswithoutmosquitoﬁsh, but at twodifferent depths. In the
ontrol aquaria,whichwere used to check for survival under exper-
mental conditions, the weight of crayﬁsh added was the same as
n a corresponding treatment aquarium with mosquitoﬁsh. At the
nd of the 24h experiment, the remaining crayﬁsh were counted
nd weighted.
Results were analyzed using Mann–Whitney, instead of the
ore obvious two-way ANOVA. Once again, because of the zero
alues in control aquariums, it was impossible to correct het-
roscedascity. Therefore we tested separately the effect of G.
olbrooki (presence/absence) with all data pooled and the effect
f water depth (two depths) for the aquariums with G. holbrooki.
esocosm experiments on consumption of G. holbrooki by P.
larkii
Adult crayﬁsh are large macroinvertebrates and the size of the
xperimental units may sometimes inﬂuence the outcome of the
redation experiments (O’Brien 1988). Therefore, in addition to the
quaria experiment we decided to perform a mesocosm exper-
ment to determine the impact of P. clarkii on G. holbrooki. The
xperiment was performed in open air containers in an area com-
letely enclosed within a 5 cm mesh and at a water temperature
anging from18 to 22 ◦C. Twenty PVC containers (1.2m×1m)were
lled with 15 cm of soil in which 50 rice stems were planted sim-
lating a density observed in the rice ﬁelds. The tanks were then
lled to a 10 cm depth with untreated water from a well. One size
lass of P. clarkii (CL = [41.14–45.52]mm, CL = 43.9mm, SD=1.51)
nd one size class of G. holbrooki (TL = [22–48]mm, TL = 30.6mm,
D=5.74) were used. In 10 of the containers, one crayﬁsh and
hree mosquitoﬁsh were added simultaneously. G. holbrooki cor-
esponded to 10% of the crayﬁsh weight, which is above the value
onsidered tobenon limiting for food ingestion (IlhéuandBernardo
993). In 10 control tanks no crayﬁsh was present, although we) of P. clarkii (SC1= [33–38.99]mm, SC2= [39–44.99]mm) in aquaria simulating rice
resented.
added 3 G. holbrooki of similar weight to each corresponding tank
with crayﬁsh. Since outdoor conditions were not controlled and
several freshwater organisms occurred spontaneously in the tanks,
these controls without crayﬁsh allowed us to check if crayﬁshwere
the only possible cause for any dead or missing mosquitoﬁsh in
the treatment tanks. Ten treatments and 10 controls without cray-
ﬁsh were randomly assigned to each tank. The experiment lasted
24h and at the end the remaining mosquitoﬁsh were counted and
weighted. At the end of the experiment all crayﬁsh were immedi-
ately killed and stomach contents were analyzed in the laboratory
to check for presence or absence of G. holbrooki remains. Results
were analyzed by a Mann–Whitney U-test (Sokal and Rohlf 1995).
The statistical analyses for all the experiments were performed
using SPSS v.18. The alpha level was set at 0.05 except when a Bon-
ferroni correction was applied due to repetitions of the same test
(Sokal and Rohlf 1995).
Results
Laboratory experiments on consumption of G. holbrooki by P.
clarkii
Controls without crayﬁsh had no mosquitoﬁsh death. Cray-
ﬁsh presence signiﬁcantly affected both the percentage of weight
and number of mosquitoﬁsh consumed by each crayﬁsh (for both
cases Mann–Whitney U[32,32] = 752, p<0.001). In average, crayﬁsh
in the treatment aquaria consumed 13% of the weight of G. hol-
brooki offered to them, with a value of 15.0% (±4.9 S.E.) for the
smallest size class (SC1) and a value of 11.1% (±5.2 S.E.) for the
largest size class (SC2). These percentages correspond to aver-
age daily mosquitoﬁsh biomass consumptions of 0.16 g (±0.051
S.E.) for each crayﬁsh of size class 1 and 0.24g (±0.103 S.E.) for
each crayﬁsh of size class 2 (Fig. 1). Also in the treatment aquaria,
crayﬁsh consumed in average 11% of the number of G. holbrooki
offered to them, with 13.7% (±4.1 S.E.) for SC1 and 9.1% (±3.5
S.E.) for SC2. Average absolute numbers of mosquitoﬁsh consumed
by each crayﬁsh were not calculated because, depending on its
weight, each crayﬁsh was offered 4–10 mosquitoﬁsh. Although
there was an apparent tendency for smaller crayﬁsh (SC1) to con-
sume more G. holbrooki than larger crayﬁsh (SC2) at a water depth
of 7 cm, ANOVA demonstrated that crayﬁsh size had no signiﬁcant
effect on the number or weight of mosquitoﬁsh (Table 1). Likewise,
water depth had no signiﬁcant effect on the direct consumption
of mosquitoﬁsh by crayﬁsh, in percentage of number or weight
P.M. Anastácio et al. / Limnolog
Table 1
Two-way ANOVA results for the aquarium experiments on the consumptive effects
of two sizes of P. clarkii (size) at two different water depths (depth) on G. holbrooki
number (%N) and weight (%W). d.f.—degrees of freedom. Factors are ﬁxed.
Source Type III sum of squares d.f. Mean square F Sig.
%N
Depth 7.03 1 7.03 2.75 .108
Size 1.02 1 1.02 .40 .534
Depth× size .75 1 .75 .29 .594
Error 71.61 28 2.56
Total 147.87 32
%W
Depth 8.92 1 8.92 3.36 .078
Size 1.00 1 1.00 .38 .544
Depth× size .35 1 .35 .13 .720
Error 74.40 28 2.66
N
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MTotal 151.76 32
ote: ln(x+1) transformation was used on the dependent variable.
Table 1). No statistically signiﬁcant interaction of depth with size
lass was found.
aboratory experiments on consumption of P. clarkii by G.
olbrooki
Each G. holbrooki consumed on average 0.0094g (±0.0038 S.E.)
nd 0.63 RHC individuals (±0.2 S.E.). The presence or absence of
. holbrooki caused signiﬁcant differences in RHC consumption by
umber and weight (for both cases Mann–Whitney U[16,16] = 192,
= 0.001). Water depth had no signiﬁcant effect on the consump-
ion of RHC by the mosquitoﬁsh (Fig. 2) both for weight data
Mann–Whitney U[8,8] = 42.5, p=0.23) and for data regarding the
umber of RHC (Mann–Whitney U[8,8] = 49, p=0.045). A Bonferroni
orrection was used, reducing the alpha level to 0.025.
esocosm experiments on consumption of G. holbrooki by P.
larkii
G. holbrooki spines or opercula were always found in crayﬁsh
tomach contents when G. holbrooki disappeared from treatment
anks, with G. holbrooki being present in 40% of the analyzed cray-
sh stomachs. In one case G. holbrooki remains comprised the
otality of the stomach contents, but the average was 22.5% of the
olume in the stomachs, all crayﬁsh considered. The presence of
. holbrooki in the stomachs conﬁrmed that the observed reduc-
ig. 2. Numbers and biomass of recently hatched crayﬁsh (RHC) consumed by mosquitoﬁs
ean values± S.E. are presented.ica 41 (2011) 228–234 231
tions in G. holbrooki abundance in the treatment tanks were due to
crayﬁsh consumption of live or of dead mosquitoﬁsh.
In treatments, an average of 0.7 individuals (±0.260 S.E.) and
0.147g (±0.052S.E.) ofmosquitoﬁshwere consumed,while inaver-
age, in each of the control tanks without crayﬁsh 0.4 individuals
(±0.163 S.E.) were dead or missing and 0.036g (±0.028 S.E.) of
mosquitoﬁshweremissing (Fig. 3). In spiteof theobvious consump-
tion of mosquitoﬁsh by P. clarkii, demonstrated by the stomach
contents, the impact of P. clarkii on G. holbrooki was not statistically
signiﬁcant both for number (Mann–WhitneyU[10,10] = 59, p=0.445)
and weight (Mann–Whitney U[10,10] = 68, p=0.110).
Discussion
In real ecosystems, it is common to have more than one inva-
sive species. It is therefore relevant to notice that most studies
assess the impact of exotic species on native species and not the
interactions between invasive species. To predict effects and deal
with biological invasions it is necessary to document the interac-
tions among invaders, native species and the habitat (Marco et al.
2002) throughout their life-cycle. Results from our study on the
trophic interactions between P. clarkii and G. holbrooki suggest that
under speciﬁc conditions, such as small pools, there are strong
interactions between the two invasive species since adult crayﬁsh
consume mosquitoﬁsh and adult mosquitoﬁsh consume recently
hatched crayﬁsh. The two invasive species are therefore able to
establish bidirectional trophic interactions that are shifted depend-
ing on the life stage of the organisms. Since our experiments were
performed at low water level conditions, this should occur in pools
located in natural wetland areas or temporary streams and in rice
ﬁelds at the end of the rice growth period.
Crayﬁsh and ﬁsh often compete for food and shelter and cray-
ﬁsh also affect ﬁsh populations by destruction of macrophyte beds
(Dorn and Mittelbach 1999). Therefore, by consuming RHC when-
ever possible, G. holbrooki should decrease competition for food
and should also decrease the depletion of aquatic vegetation. Like-
wise, crayﬁsh should gain from the predation on a competitor and
we observed that, both in the aquaria and in the outdoor tank
experiments, P. clarkii preyed upon G. holbrooki. The interaction
among P. clarkii and G. holbrookii is, in our opinion, bidirectional
intraguild predation because these species share common feeding
habits, especially if we compare G. holbrooki with RHC or juve-
nile crayﬁsh. Intraguild predation means killing and eating among
potential competitors (Arim and Marquet 2004), but the original-
h in aquaria simulating rice ﬁeld pads in autumn, at two water depths (3 and 7 cm).
232 P.M. Anastácio et al. / Limnologica 41 (2011) 228–234
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ty of the interaction between these two invasive species is that the
redatory roles are shifted with crayﬁsh ontogenic development.
Field studies, based on crayﬁsh gut contents, reported the per-
entage of occurrence of G. holbrokii in the diet of P. clarkii (e.g.
orreia 1995a, 2002, 2003; Gutierrez-Yurrita et al. 1998; Alcorlo
t al. 2004; Geiger et al. 2005), but the consumption of G. holbrooki
eems to vary with the type of habitat and with the season. While
hese studies demonstrate that G. holbrookii is a food resource for
rayﬁsh, Gherardi and Acquistapace (2007), using 0.5m2 enclo-
ures at water depths of 0.95–1.3m, found no signiﬁcant effects
f P. clarkii on G. holbrookii. In spite of the apparent contradiction,
his is in line with the ﬁndings from our larger outdoor mesocosms
n which consumption by crayﬁsh was insufﬁcient for a signiﬁcant
ffect on the mosquitoﬁsh density. Apparently, in the mesocosms
ther causes can lead to reductions in mosquitoﬁsh when crayﬁsh
re absent. Since laboratory results using small conﬁned areaswere
ore conclusive, our results suggest that, under speciﬁc conditions
uch as small shallow pools in rice ﬁeld pads or other habitats, P.
larkiimayhave a strong predatory impact onG. holbrooki. The con-
umption of mosquitoﬁsh should increase, e.g. after the drainage
f rice ﬁelds in September or during the summer drought in other
etland areas because ﬁsh are trappedwithin small pools and con-
equently easily captured by crayﬁsh. This study corroborates that
redationof P. clarkiionG. holbrooki canoccur becauseweobserved
t under laboratory conditions, nevertheless it still remains unclear
o what extent do crayﬁsh, under variable ﬁeld conditions, pre-
ate live mosquitoﬁsh or feed on dead mosquitoﬁsh. The analysis
f crayﬁsh stomachcontentsdemonstrated that severalG. holbrooki
ndividuals were consumed in the outdoor mesocosms experients
nd this indicates that crayﬁsh can proﬁt from the presence of G.
olbrooki. Considering its widespread world distribution and local
bundance (Cabral et al. 1998; Oscoz et al. 2008), mosquitoﬁsh are
ertainly an important resource for crayﬁsh.
To our knowledge there is no previous information on the con-
umption of recently hatched P. clarkii by G. holbrooki although
ther ﬁsh species are known to feed on crayﬁsh of several size
lasses (Nicola et al. 1996; Frutiger and Muller 2005). The selec-
ion of food items is among other factors controlled by the gape
ize of ﬁsh (Dorn and Mittelbach 1999). Larger ﬁsh, with larger
ape size are able to take larger prey and since mosquitoﬁsh are
mall they are only able to consume small crayﬁsh. G. holbrooki
re opportunistic feeders (Specziár 2004) and share the same habi-
ats with the red swamp crayﬁsh, namely rice ﬁeld areas (Cabral
t al. 1998; Cabral and Marques 1999). G. holbrooki have maxi-
um predation rates in young and mature rice and minimum ratesoor tanks simulating rice ﬁeld pads. Mean values± S.E. are presented.
in open water (Linden and Cech 1990) and there is also a nega-
tive correlation between water volume and the number of prey
caught (Cabral et al. 1998). In the aquaria experiments simulat-
ing shallow water rice ﬁeld pads in autumn/winter we observed
that G. holbrooki consumed recently hatched P. clarkii and that its
effect on those small crayﬁsh was signiﬁcant. The bulk of crayﬁsh
recruitment in rice ﬁelds and freshwater marshes occurs gener-
ally during autumn (Anastácio andMarques 1995; Correia 1995a,b;
Correia and Bandeira 2004) after the ﬁrst periods of rain and dur-
ing this period adultG. holbrooki are abundant (Cabral andMarques
1999).Moreover,whenusing dip nets, it is common to sample large
amounts of RHCandG. holbrooki at the samemicrohabitats, and this
was the case in the present work. Our results suggest that recently
hatched crayﬁsh will be subjected to predation by mosquitoﬁsh
under shallow water conditions whenever the two species coex-
ist. The timing of release of RHC from their mother’s protection,
i.e. right after the ﬁrst rains, may in fact give crayﬁsh an additional
chance for survival. Many of the rain fed pools take some time to
reestablish the connection with nearby streams or channels there-
fore delaying recolonization by G. holbrooki and other predator ﬁsh
species.
There is no clear anti-predatory behavior shown by G. holbrooki
towards P. clarkii (Leite et al. 2005) and this is possibly because pre-
dation by crayﬁsh occurs mostly in shallow pools. In these types of
pools, at high ﬁsh densities, predation levels are high (Ilhéu et al.
2007). Other studies have in fact highlighted that G. holbrooki is a
seasonally important source of food for crayﬁsh (Correia 1995a),
but because predation is only noticed in the above mentioned
shallow pools, we do not expect a strong impact of crayﬁsh on
G. holbrooki populations. These shallow pools correspond to areas
becoming dry in a short period of time, leading to mass mortali-
ties of ﬁsh (Ilhéu et al. 2007). Drying pools are thus an important
source of food for crayﬁsh because mosquitoﬁsh perish as water
level drops, while crayﬁsh can resist drought by burrowing until
the next rainy season (Huner and Barr 1991), or moving over-
land to a larger pool (Penn 1943; Aquiloni et al. 2005). Therefore,
adult crayﬁsh (the new invader) can gain from the presence of
another invasive species (G. holbrooki) with no real negative effects
on G. holbrooki population dynamics. In other words, in small dry-
ing pools, adult crayﬁsh consume individuals of another invasive
species which are already dead or would die of desiccation any-
how. The process of one species beneﬁting from the presence of
another specieswithout signiﬁcant harm to neither is called a facil-
itation process (Stachowicz 2001) and in this case it is limited
to a certain time frame of ontogeny, i.e. adult or sub-adult cray-
nolog
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sh. Following this reasoning, a previous invasion by mosquitoﬁsh
ould facilitate a new invasion by P. clarkii. This means that the
nvasion meltdown hypothesis (Simberloff and Von Holle 1999)
new invasions being facilitated by previous invasions – could
pply to adult crayﬁsh populations reaching an area previously
nvaded bymosquitoﬁsh. In spite of this, whenwe look at the inter-
ction between recently hatched crayﬁsh and mosquitoﬁsh, it is
lear that recently hatched crayﬁsh may suffer losses due to pre-
ation. The question remains if when considering the ontogenic
hifts in the predatory roles, the overall balance of the interaction
mong these two specieswill orwill not be considered a facilitation
rocess.
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